Abstract-Modular power converters are expected to play a major role in medium-and high-voltage/power applications. Normally, each module processes the same amount of power; however, this does not take into consideration that different modules can have a different remaining useful lifetime. This paper proposes the concept of power routing for cascaded H-bridge (CHB) converters, with the purpose of delaying the failure of the system. A third-harmonic injection into the duty cycles allows extending the imbalance capability of the structure, keeping the CHB operational even if some power paths are completely unloaded. Analytic investigation in conjunction with simulation and experimental measurements demonstrate the power routing by means of the proposed method.
Fault tolerant strategies have been adopted to bypass the damaged cells in the case of a failure [7] ; however, instead of simply isolating the problem, it is possible to apply the physics of failure concept and optimize the system operation accordingly. A study investigating the failure's cause for power semiconductors has identified the manufacturing processes to be a source [8] . This results in a standard deviation in the quality of the components, which leads to different lifetimes. In addition, several failure mechanisms, such as the junction temperature dependent failures of power semiconductors, are dependent on the power processed by the cells. As a solution to optimize the operation of the CHB, the cells can be loaded depending on the condition of the components in the corresponding power path. The purpose is to avoid or delay as much as possible the failures dependent on the cell's processed power, shifting the load from the cells with older components. This is referred to the concept of active thermal control by means of power routing [9] . The condition of the components can be monitored [10] , [11] and the loading is distributed accordingly, whereby components with a shorter remaining useful lifetime are unloaded. In this way, the powerdependent failures in the power paths connected to the CHB cells are delayed.
In this work, the power routing for the CHB converter is proposed to control the loading of the power paths. To increase the power-routing capability, the concept of multifrequency power routing is applied, by utilizing a third-harmonic voltage. The full output voltage reserve is demonstrated to be obtained even in case of a completely unloaded power supply. The concept of the third-harmonic component for power routing is analyzed theoretically and experimentally. Measurements on a seven-level CHB converter prototype are presented to validate the control of the power semiconductor's stress in the different power paths.
In Section II, the power routing is motivated, and in Section III, the concept is explained. Section IV investigates the unbalanced power-routing potential of the algorithm and the impact on the lifetime of the power semiconductors in the power paths. An experimental validation is demonstrated in Section V before this paper is concluded in Section VI.
II. POWER ROUTING IN CHB CONVERTERS
In the following, failure mechanisms for power semiconductors are reviewed. Furthermore, the motivation is given to transfer different power in the dc/dc converters of the CHB converter, as shown in Fig. 1 .
A. Reliability in Power Converters
The reliability analysis of a system needs to use a physics of failure approach [12] , and based on this approach, every failure of a component needs to be traced back to its physical mechanisms. In power converters, it has been found, that power semiconductors and capacitors are among the components, which fail most frequently [13] . Remarkably, most of their reported failure mechanisms are dependent on the power transfer and most failure mechanisms for the power semiconductor are related to thermal cycling, which is the heating up and cooling down of the power semiconductors. This causes failures such as bond wire lift off, baseplate solder fatigue and others [14] . The lifetime of power semiconductors is commonly expressed by the number of thermal cycles to failure N f in dependence on the thermal swing ΔT j and the average junction temperature T j,mean , of which the power semiconductor undergoes. This is shown in the following equation:
T j , m e a n .
In this equation, a 2 ≈ 5 that results in a major influence for the lifetime [15] , while a 1 is the linear influence of the power cycling capability and a 3 is the influence of the Arrhenius equation. The failure mechanisms for the capacitors are mostly related to the ripple current, affecting a temperature increase [16] . In order to reduce the stress, the ripple current, consequent to the power on a capacitor, needs to be reduced. However, in the following, the reliability of power semiconductors is put in focus
Common approaches for increasing the reliability of power semiconductors are an improved design with increased robustness or an overrating of components (e.g., current rating or cooling system). Another concept is to reduce the thermal cycles in magnitude or number of occurrences by means of software, which refers to active thermal control [17] . The application of active thermal control requires the knowledge of the junction temperature, which is usually hard to obtain during normal operation of the converter. However, in stationary conditions, the junction temperature of a power semiconductor T j can be expressed with (2), whereby T C represents the case temperature, R th,JC the thermal resistance between junction and case, and P loss the losses of the power semiconductors.
According to this equation, the thermal swing of the junction temperature is solely dependent on the losses and the ambient temperature, whereas the thermal resistance is constant. The case temperature settles in dependence of the junction temperature and the thermal properties of the cooling path. The most important influencing factor, the losses, are dependent on the voltage and the currents in the operation point and thus can be controlled by controlling the power transfer in the cells. As a consequence of controlling the power in one cell, the remaining cells need to share the variation of the power.
Among the solutions for increasing the reliability, active thermal control is the only method, which does not come for increased costs in the system design, while the robust design and overrating of components usually do increase the costs. However, the currently documented active thermal control algorithms bring disadvantages, such as lower efficiency or higher output current ripple.
B. Motivation for Power Routing
Several techniques for the power balancing of cells in modular power converters have been proposed and developed in order to share the stress identically [18] . These algorithms rely on the sharing of the fundamental voltage among multiple CHB cells or employ advanced balancing schemes embedded in the modulator without an external control loop [19] . In contrast to these approaches, the power routing proposed in this paper targets to unbalance the power in the system in order to control the loading of the power paths.
In the similar way to the power balancing method, the fundamental voltage among multiple CHB cells can achieve the designated unbalanced power routing, but offers a limited capability, which is heavily dependent on the ratio between dc-link voltage and converter output voltage. This is demonstrated for balanced condition in Fig. 2(a) and for unbalanced condition in Fig. 2(b) . In addition to this limitation, due to efficiency reasons, the dc-link voltage margins should be designed as low as possible. Therefore, in order to overcome the limitation of the conventional fundamental voltage, the multifrequency power routing using the third-harmonic voltage is proposed.
The proposed method is exploiting the third harmonic in order to improve the dc-link voltage utilization in a similar fashion to the Third-Harmonic injected sinusoidal pulse width modulation (SPWM) [20] .
In order to implement the power routing, other methods for further extending the linear range of CHB converters could also be adopted [21] - [23] . Since the choice of the range extension technique does not alter the fundamental objective of the proposed approach, in the following, the third-harmonic injection will be used, due to the ease of implementation and fast open-loop operation. The adoption of more complex modulation techniques to further improve the thermal balancing capability represents nevertheless a possibility.
As pointed out in the last section, active thermal control can be applied to increase the reliability and power routing, in particular, for the application in modular converters. This targets to reduce the stress for aged parts in the system and to stress more on the less aged parts. The application of active thermal control brings advantages to the system, if the remaining lifetime among the components is different, which is already expected due to the high number of components in the system and imperfect manufacturing processes [24] . Other possible reasons for different remaining lifetimes can be the replacement of cells or the occurrence of events during operation, which cause damage only to some parts, while others are unaffected. In order to obtain the information about the remaining lifetime for the cells of the converter, condition monitoring is a possible solution. Measuring parameters such as the collector emitter voltage of IGBTs or the ON state resistance of MOSFETs enables to identify the wear-out of the power semiconductors [10] . However, for effectively applying active thermal control, the knowledge of the junction temperature is required and can be accessed by measurement with thermosensitive electrical parameters, observers, or estimators [25] .
As an example, the CHB converter in Fig. 1 has three cells with three power paths (P A , P B , and P C ) and the components in one of the dc/dc converters show far higher degradation than the others. Since the converter is dependent on the operation of all cells, a failure of the one cell or power path is the end of life. Instead of loading the cells equally with a balanced power (P A,bal , P B ,bal , and P C,bal ), [as shown in Fig. 3(a) ], unloading the power path with the highest degradation postpones the time to the failure, which is demonstrated in Fig. 3 (b) for unloading path A. As the opposite concept, it is possible to load one path higher and to bring it close to its wear-out. This might be a solution, if the next maintenance is scheduled and the path is planned to be replaced, while the remaining ones will not be replaced. This case is visualized in Fig. 3(c) .
The case of completely unloading the power path connected to a CHB cell is shown in Fig 3(d) . This might be mandatory, if a cell is not anymore able to exchange energy in this power paths. In order to implement the unbalanced power routing method, it should be assumed that the dc-link voltage is regulated by dc/dc converters. However, for continued operation after a fault in a dc/dc converter, the dc-link voltage needs to be controlled by the CHB converter at the expense of reduced power-routing capability.
III. CONCEPT OF THE MULTIFREQUENCY POWER ROUTING
The concept of multifrequency power routing is introduced for the seven-level CHB converter in the architecture of Fig. 1 . It is important to note that the basic principle can be extended to a greater number of cells, always improving the dc-link voltage utilization for power imbalance among the cells. In order to maximize the dc-link voltage utilization, the optimal magnitude of the third harmonic is derived in the following and holds high similarity to the mathematical derivation in [20] . The modulation function with additional third harmonic in dependence of the angle ϕ and the modulation index M is shown in the following equation:
Similar to the third-harmonic injection, the minimum magnitude is obtained for k = −1/6, leading to the maximum of the modulation function m max = √ 3/2. This enables to utilize the linear range of the converter cells up to the inverse of m max , which is M = 1.155. Of course, the power reduced with the third harmonic of one cell, needs to be provided by the other cells, which requires them to add the opposite harmonic sequence to their modulation function.
For the demonstration of the concept, Fig. 4 shows the unbalanced power sharing among three cells by means of the multifrequency power-routing method, where from the first to the third row are the duty cycle of three cells, A, B, and C, respectively. The last row shows the output power with respect to each cell. Since the duty cycle is typically normalized by the dc-link voltage, it is used instead of the actual voltage value in the figure. In the first column, the three cells share equal power, i.e., balanced power routing, with the same duty cycles. For the unbalanced power routing, the duty cycle of the overloaded cells increases while that of the unloaded cell decreases. As depicted in the second column, the unbalanced power routing by the fundamental voltage is restricted when two of the three duty cycles reach the maximum duty cycle. In order to achieve an even higher power imbalance, the third-harmonic voltage is utilized, which is in phase with the fundamental voltage as shown in the third column. For the overloaded cells, the third-harmonic voltage is added to the fundamental voltage so that the fundamental voltage utilizes the maximum linear range of M = 1.155. The fundamental voltage of the unloaded cell is reduced and it is absorbing the third-harmonic voltage from the overloaded cells. 
IV. POTENTIAL OF THE MULTIFREQUENCY METHOD
In the following section, the potential of the power-routing capability is benchmarked in terms of the maximum potential power imbalance. The effect of power routing on the total harmonic distortion (THD) of the output current and the capacitor voltage ripple is analyzed. An example for controlling the stress in the power paths is given.
A. Potential of Power Imbalance
For demonstration of the power routing potential, Fig. 5 shows the maximum capability to unload a cell in dependence of the ratio between dc-link voltage and grid voltage, where the P C presents the currently loaded power and the P C,bal is the loaded power at balanced condition. As pointed out before, this ratio is commonly minimized in the converter design in order to achieve the required voltage reserve, but to optimize losses at the same time. However, it is shown that by means of the multifrequency method, the capability of power imbalance can be improved by at least 30%. Beside the ratio between dc-link voltage and grid voltage, the number of CHB cells has a major impact on the potential maximum power imbalance. In Fig. 6(a) the capability for completely unloading cells is presented with and without multifrequency power routing. The ratio between grid voltage and dc-link voltage is chosen to V grid /V DC = 0.8 and it can be seen, that a higher number of cells enable a higher potential power imbalance. Four cells are required as a minimum for completely unloading a power path with the multifrequency method, whereas five are required without the method. The power routing with the third harmonic is always superior to the case with only the fundamental voltage and for 19 cells; it enables to unload two cells more than that without the algorithm. Completely unloading a power paths is an extreme case, which is not always likely to be the optimal choice and it is more likely, that there is a number of cells, which need to be unloaded. This case is demonstrated in Fig. 6(b) . The number of unloaded cells is demonstrated in the curves in dependence of the number of CHB cells on the x-axis. On the y-axis, the minimum power, which needs to be processed in the unloaded cells, is shown for this case. As an example (indicated in red), one cell in a CHB converter with three cells needs to be unloaded. This still requires to transfer 5% of the power in the unloaded cell, while the two other cells need to process the remaining 95% of the power.
B. Impact on the Current THD and the Capacitor Voltage Ripple
The third-harmonic voltages are canceling out themselves within the CHB converter cells as expressed in (4) 
However, these reference voltages are average values and the real converter output voltage is affecting the THD of the output current as shown in Fig. 7 , where f c is the carrier frequency. The duty cycles, the converter output current, and its frequency Fig. 8 . THD of the output current for increasing imbalance of the power loading in the CHB converter normalized on the balanced conditions. spectrum are shown. In Fig. 7 (a), these are shown for the balanced loading and only the sixth-harmonic component exists in the current spectrum. This feature is the advantage of the phaseshifted carrier modulation with equal dc-link voltage and same duty cycles for each cell. The unbalanced power routing with the fundamental voltage is shown in Fig. 7(b) , where the current ripple is higher compared to the first case, because the second and the fourth harmonics exist due to the duty cycles mismatch. In the third case [see Fig. 7(c) ], the multifrequency method is applied, which can be seen in the duty cycles. The current ripple is increased and in the spectrum, the second-harmonic component is now highly increased.
A demonstration of the dependence between THD and the power imbalance in the CHB converter is shown in Fig. 8 in case cell A and B are additionally loaded and cell C is unloaded. For the maximum imbalance, the current THD is 4.3 times higher than in the balanced conditions. As a conclusion, the THD performance decreases with the imbalance due to the increased second and fourth harmonics as shown in Fig. 7 , even though the third-harmonic component is completely compensated among the cells connected in series as (4) .
The multifrequency method is also affecting the voltage ripple of the capacitors. For this reason, the voltage ripple of the balanced case [see Fig. 9(a) ] is compared with the case of the multifrequency power routing in Fig. 9(b) and (c) for the overloaded cell and the unloaded cell, respectively. It can be seen, that the periodicity of the ripple is twice the grid frequency for all cases, but in case of an unloaded cell, a component at four times the grid frequency appears. The maximum deviation of the dc-link voltage is 0.6 V for all the three cases. The high-frequency ripple on the envelope of the voltage ripple is reduced for the overloaded cell and increased for the unloaded cell. Also, it can be seen that the envelope of the unloaded cell is having a higher peak-to-peak value. Since the capacitor current is the derivative of the capacitor voltage, compared to the balanced case, the current ripple is lower for the overloaded cell and higher for the unloaded cell. Consequently, the stress for the capacitor is increased for the unloaded cell, while it is reduced for the overloaded cell. 
C. Impact on the Power Semiconductors in the CHB Cells
In this paragraph, the loss distribution among the power semiconductors in the CHB cell is analyzed, depending on the balanced power loading. It is assumed, that cell A and B are additionally loaded and cell C is unloaded as an example. However, despite an imbalance in the power loading, every cell needs to contribute to the power loading-either with IGBTs or with freewheeling diodes. Consequently, the stress is redistributed without achieving an overall advantage for all power semiconductors of one CHB cell.
For the demonstration of the loss distribution, the discrete IGBTs (IXYH75N65C3H1) are used in the simulations. The loss distribution among IGBTs and diodes is shown for V grid /V DC = 0.8 in the cells with increased power in Fig. 10(a) and reduced power in Fig. 10(b) , where the P C presents the currently loaded power and the P C,bal is the loaded power at balanced condition. In dependence on the design of the diode and the IGBTs, the efficiency is increasing or decreasing in case of the power routing. The characteristics of the diodes in the simulated power semiconductors present lower reverse recovery losses and lower conduction losses than the switching and conduction losses of the IGBTs, which is why the total losses in the unloaded cells decrease slightly, while the total losses in the overloaded cells are increasing. Also demonstrated is the variation of the losses in the diode/IGBT affected by the power routing. Additionally, the limitation of the power-routing capability with the fundamental voltage is highlighted, showing the increased power-routing potential of the multifrequency method.
As a consequence, the power routing has not only an impact on the components in the corresponding power paths, but also on the stress distribution between IGBT and diode in the CHB cells. Thus, not only the degradation of the dc/dc converters can be considered, but also the stress distribution among the IGBTs/ diodes in the CHB cells. Here, the targets of stress reduction for the dc/dc converter and the power semiconductors in the CHB cell can either be complementary or lead to a conflict of objectives.
D. Power Routing for Wear-Out Control
Based on the system in Fig. 1 , the CHB cells can control the power transfer in the single dc/dc converter, which is utilized in order to unload the power paths. The implementation of the power routing is achieved with an additional open-loop control nested in the standard current controller, as shown in Fig. 11(a) . The fundamental components are determined depending on the power reference, and the second constraint is the cancellation of the third harmonic for the multifrequency method in (4) .
The flow chart of the proposed method is shown in Fig. 11(b) , where the case that only one cell needs to be unloaded is considered for the sake of simplicity. When the reference power of each cell is different, the unbalanced power routing is activated and it is determined whether the multifrequency method should be applied or not, depending on the fundamental refer-
. The multifrequency method is applied when one of the fundamental references exceeds the maximum modulation index. In this situation, proper third harmonics are determined with the optimized k in chapter III (k = 1/6). For instance, the negative third harmonics is added in cell A in order to unload its power while other cells employ the positive third harmonics divided by the number of overloaded cells N .
In Fig. 12 , the power-routing concept is presented in a case study under consideration of the power-routing limitations highlighted in Fig. 6(b) . A mission profile with rapidly fluctuating power is presented and the multifrequency power routing is applied to control the loading, particularly preventing power fluctuations in path one. A converter designed for an ambient temperature T a = 40
• C and the maximum junction temperature T j,max = 90
• C under full load is assumed. The power-routing results in a reduced thermal fluctuation on the power semiconductors in that path, while the fluctuations in the other paths are increased. As a result, the damage caused by the thermal cycling is reduced to one fifth for the unloaded path, while the highly loaded paths undergo approximately three times more damage. It needs to be pointed out, that the capability of controlling the stress depends highly on the system design and the mission profile. With only small variations in the power, the thermal fluctuations can be completely eliminated from cells, while high fluctuations, such as in the presented case study affect all cells.
V. EXPERIMENTAL VALIDATION
In the following, the electric measures of the multifrequency power routing are demonstrated and the capability of the imbalance power loading is validated on a laboratory prototype shown in Fig. 13 . The dc-link voltage of the cells are adapted to generate an output voltage of 230 V rms with the chosen ratio between dc-link voltage and grid voltage V grid /V DC = 0.7 and V grid /V DC = 0.9. In the setup, IXYB82N120C3H1 IGBTs are used. First, the transition between normal operation and multifrequency power routing is shown, before the output current spectrum is analyzed. Then, the power loading of the individual cells for application of the proposed method is validated.
A. Power Routing of the CHB Converter
The application requires a smooth transition between normal operation and the multifrequency power routing to ensure that the operation is not affected. The transition is demonstrated in Fig. 14 , where a stepwise change is performed by showing the duty cycles of the cells and the output current. As expected from the simulation results, the current ripple is increasing. However, the transition is seamlessly conducted without any special technique, since the power routing is achieved by an open loop and the final reference (v
is always same regardless of the power routing as aforementioned. For analysis of the steady-state operation, Fig. 15 is presented. Similar to Fig. 4 , it shows the duty cycles and the power distribution for three different cases. In the first case, Fig. 15(a) shows the similar loading of all devices, while Fig. 15(b) demonstrates the power routing with only the fundamental voltage and Fig. 15 (c) the power routing with multifrequency method. Particularly interesting is the modulation index of cell C in all three configurations. For the chosen ratio between dc-link voltage and grid voltage, the capability to unload parts is already high, as in can be seen in case Fig. 15(b) , where the modulation index of cell A and B is increased to its maximum, 1. The case in Fig. 15(c) demonstrates the increase of the modulation index in cell A and B to 1.05, while they are also processing 0.1 in the third-harmonic voltage. Therefore, cell C is not processing active power with the fundamental voltage, but exchanges reactive power with a modulation index of 0.2 in the third harmonic. The THD of the current is also matching very well the simulations by showing the increase of the second-harmonic component and the existence of the fourth-harmonic component during the power routing.
In case of lower voltage reserve (V grid /V DC = 0.9), the similar measurement case is shown in Fig. 16 . The capability to unload a cell is limited, which is shown in Fig. 16(b) , where the modulation index of cell C is 0.7, while the other cells are fully loaded. For the multifrequency power routing, cell A and B increase its overall maximum modulation index to 1.15 in the fundamental voltage and 0.17 in the third-harmonic voltage. This results for cell C in a modulation index of 0.4 in the fundamental voltage and 0.34 in the third-harmonic voltage. As a consequence, the power path cannot be completely unloaded and still needs to process power in the dc/dc converter. Affected by the lower voltage reserve, the maximum power imbalance is limited and the increase of the current THD is lower than that for the case with V grid /V DC = 0.7. However, the trend is similar.
For the validation of the power loading of each cell, the power of the cells is measured by a power analyzer (Yokogawa WT1800) for the cases of Figs. 15 and 16 . This is shown in Fig. 17 . The power loading for an ratio V grid /V DC = 0.7 is shown in Fig. 17(a) and for V grid /V DC = 0.9, it is shown in Fig. 17(b) . Similar to the waveforms shown before, the power is processed with equal loading, with the fundamental voltage method and with the multifrequency method. In accordance to the prior obtained results, the fundamental voltage enables to unload one device, while the capability is remarkably increased with the multifrequency method. In case of Fig. 17(a) , the dc/dc converter of cell C is almost completely unloaded. However, it is required to contribute to the reactive power exchange with its third harmonic.
VI. CONCLUSION
This paper proposed to route the power in a CHB converter based on the condition of the components in connected power paths. The loading of the converter cells is controlled to alter the power processed in the different paths and the multifrequency power routing using third harmonic has been proposed to improve the unbalanced power sharing between the cells. Moreover, power paths can be completely unloaded. The potential power-routing capability with third-harmonic component is analytically investigated and shown to improve the power-routing capability by more than 30% in comparison to the conventional method that uses only the fundamental voltage. It is demonstrated that an increased power imbalance affects a higher THD of the output current and redistributes the stress for the capacitors in the converter. In the opposite way to the power semiconductors, overloading a CHB cell reduces the stress for the capacitors, while unloading a cell increases the stress. The power-routing capability and its impact on the thermal stress of the power semiconductors is demonstrated with simulations, where the stress for power semiconductors in the unloaded power path was reduced to one-fifth under a mission profile with rapidly changing power. Measurements with a power analyzer on an experimental setup with a seven-level CHB converter validate the power-routing concept experimentally.
